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ABSTRACT

Loss of sodium oxide into a gas phase comprised of low to
high pressure sodium at typical AMTEC operating conditions
does notseemi ndicatedasa life limiting step under projected
conditions. Sodium oxide loss is strongly thermally activated
and strongly suppressed bv external sodium gas pressure,
However, loss of sodium oxide into liquid sodium may be, but
is not clearly known to be, much more rapid than loss into the
gas phase and could result both BASE degradation and
enhanced corrosion of other AMTEC components. This favors
conservative selection of vapor-fed cell designs and may
significantly influence materials selectionand use of getters.

INTRODUCTION

AMTEC cells have been considered an attractive power
source for a variety of long tenmrobotic NASA missions.
Several AMTEC cells have now been operated tor period over
one year. A large number of cells have been operated for
shorter but still substantial periods of time > 1000 hours.
Substantial development of vapor-fed cells has oceurred.,
Series connected AMTEC multi-cells have been built and
operated at Ford, AMPS, IPL, and the Electrotechnical
Laboratory. Work at J) '[, has addressed lifetime testing rrnd
modeling for the extemmal electrode, which is a critical
component which must function with minimallosses for good
AMTEC performance. Tests of soditm and potassinn beta®
alumina conductivity on exposureto atkali metal vapor at 1125
-1200K for 1500 and 3500 hours respectively have been
reported, with no observation of sustained degradation

Loss of refractory matetinls by cvaporation and chemical
transformations in the high temperature zones is a problem
common to all heat engines. In the case ol AMTEC cclls, a

particular volatilization and associated corrosion problem can
beidenti fied, since background information is available. Alkali
oxide loss from beta" alumina at temperatures from out 1500
to 2000K has been reported and slow loss at AMTEC operating
conditions is a concern, which is closely related to concerns
about aggravated high temperature corrosion of metallic
components of AMTECs by alkali oxide in liquid alkali metal
at operating temperatures from 900-1300K. If alkali oxide loss
continues indefinitely, the beta’ alumina solid electrolyte
(BASE) ceramic would eventualy be destroyed. If alkali oxide
equilibrates with a small concentration dissolved in liquid
alkali metal, then metallic components which can tolerate
akali oxide in liquidalkali metal must be used. If alkali oxide
loss dots not occur or is extremely slow, or occurs only
transiently  withowt BASE degradation, getters may be
emploved to remove oxide from the liquid metal and the
corrosionissuc wil | beless severe and allow more flexible
selection of component materials. Alkali oxide loss may be
expectedto be fastestto oxide-free liquid akali metal, dower
to vacuumor low pressure alkali metal vapor, and very
inhibited to high pressure alkalimetal vapor. If loss to liquid
metal is fast, vapor fed cel 1s become much more favorable
candidates for long termapplications. At present, calculations
of alkalioxide loss cannbe petformed assuming a rate limited
only by the thermodynamics of the chemical transformations
involved; these results are bused on thermodynamic data which
i's not precise, andthis approach does not consider rate
limitationsimposed by chemical kinetics,

Two of the mostimportzmt mechanisms of interest in the
prediction of long tenm performance of AMTEC cells are
closely related “1 hese mechinisms are 1) the loss of alkali
oxide tromthe beta” aluminasolid eectrolyte (BASE) and 2)
the acceleration of corrosive attack on metal and ceramic
components by atkalioxide dissolved in akali metal, If loss of
oxveen itom the sohid efectrofvte is sulficiently slow, getters



such as Zr and | If may be employ! to scavenge trace oxvgen
and allow much greater tlexibility in fabrication matcer ials,
since most metals are signiticantly more rapidly attacked in
liquid sodium containing significant sedium oxide, compared
with very pure liquid sodium. (Foust, 1972; DiStefano, 1989)
This paper will present a calculation ot the expected rate of
oxygen loss from sodium beta/beta” alum ina solid clectrolyte,
Na-BASE, and bricfly discuss review the associated chemistry,
the role of Na2O on corrosion of metallic and ceramic materials
which might be used in AMILC cell fabrication, and
approaches to accelerated testing.

CALCULATIONS AND DISCUSSION

Volatization of Na,O

Studies of the activity of NaO in beta aluming or beta®
alumina mixtures with alpha alumina have been the principal
means to derive the free energv of formation of the beta or
beta” alumina phases. (Nafe, 1996; Rog etal 1992) These
studies assumed that the systems were bascd onthe two
components: Na;O and ALOs; turthennore, the studies
generally ignored the presence of spinel block stabilizing
oxides and variations in beta and beta® composition While the
first assumption is valid with respect to the solid phases in
which the oxidation states of Aland Na are constant, the low
pressure vapor phase is a disproportion:ted mixture of Nag
and Oag). The intluence of stabilizing ions and composition is
important but requires much more deta i led investigations for
complete evaluation We use the best aval lable  thermochemical
information for the stability of the beta and beta"-aluminas to
determine the rate of O2loss, and compare the loss of O; and
Na from solid Nu;O.(Weher,1997) NaO is notstable as a gas
at higher temperatures; its enthalpy of formation is only -35.6
kJ/mole at 298K, and the entropic contribution to free encrgy
greatly favors Nag and O at typical AMTEC operating
temperatures. (Wagman etal, 1982)

For the oxygen activity, awg), over Nax() or over a solid phase
in equilibrium with NaxO:

NaO(c) ---> 2 Nu(g) + 1/2 O.(e)

802> =aquar0y/tm” exp!-AGRT

The free energy of the dissnciation is AG (1) = (633.290 - T*
336.9856) J/(mole-K)fromthermods namictables. (Wagman et
al, 1982)

The sodium pressure a the solid clectrolvie surface can be
related to the current density of the AMTEC celt (Ke nnard,
1938)

Povsy = 2pMy R 1/F
where My, is the molecolar wereht of Noin ke/imole, R is the

gas constant, j is the corrent density in A/m2, and I is the
Faraday. The t1ux of oxveen Fom thie serface can similarly be

related to the equilibrium vapor pressure of oxygen over the
solid sut e (Kennard, 1938)

Jon= l’(»()g)/(zpf\f()zkrli)m , moles/sec

The activity of Na(g) and 02(g) over Na20 at 1298K can be

calculated
AG, (1298K)"389.253 K;j
e a0 Vo) = exp[-G.YRT]

At 1298 K, in the absence of an external source of 02 or Na,
anm= 2ion, & Ny, Standard pressure is 10° Pa at unit
activity, soPin =1 0'Xaonand e pressure of O, over NayO is
99 Pua at 1298K, and the O; flux is Jm < 1.347 X 10
molecules/(m2 -s). The pressure of O; over a phase such as beta
aluminain equilibrium with Na;O can be expressed similarly,
using the relationship between activities given above, and the
dependence of sodium activity on AMTEC device current
density;

Jon <107 I apao)’ expl-2 AGYRTI(Q@PRT)™ Mor™* My’
i’

From . Nafe, aqmo=exp{DGW/RT] =exp[(-149740J/mole  +
39.4098J/(mole-K)* I')/RT).(Nafe, 1996) At 1298K and a only
10 A/m2, acondition w here maderately fast beta decomposition
occurs:

Jor <3.857x107 moles/(m*-s) 0112.2 moles/(m?-yr)

The loss of O:is very strongly activated and also strongly
dependent 011 the AMTEC cel I's discharge current. However in
the limit of small cell discharee currents, sodium pressure due
to shunt currents and the sodiuin wiper pressure at the
condenser w ill dominate, so that eliminating the discharge
current will not lead to immediate rapid O; loss from the
condenser. Thisis in part thercason fOr the inequality in the
expression above. The NayO activity is determined by the free
encrey of tormation of the beta phase from its constituent
oxides, i s = expl -AGWIR | |, s0

Jon, <TOTF exp[(-AGi-2AG YR T]/(2pRTY? "Mo® My, i

and we can quantitv the tree energy change DGK(T) for the
disproportionation ot beta alurmina to a'pha alumina, Oz, and
Na,

AGI{TY = MG 283G = (141632127133 81*T) kJ/mole

as 1673K, but does not seem to occur at a substantial rate in
Na-DBASE ot lower temperatures (Hodge, 1983; You The phase
diavrim for the Ni-ALO svsten under reducing conditions has
been evalvated and the epebibrium vapor pressure of O
calculuted 1o be very low (Yokokaw et al, 1995) The loss of
oxveen lrom tree NaxO) or fom beta” alumina with no
crystallocraphic phase ¢henee or a phase change to beta
aluming would stll be stror ! aetivated, but may have a lower



¢

activation energy. Interconversion of the beta and beta® alumina
phases has been studied at temperatures as low ngblood et al,
1977) In related experiments, we found the amount of” K-beta-
alumina, initially a aboutl-2%, 1o increase to about 3-4% after
500 hours at 200K in about 2-7 Pa potassium vapor.(Williams
et al, 1995) However,itconld not he determined it this was
due to conversion of the beta”-alumina phase or of aimorphous
material, and the conversion appeared to complete in the first
100 hours of the experiment, based on the conductivity change.
Recent experimental data on the chemistry and thermodynamic
properties of beta and beta” alumina deal with effect of
conductivity, high sodiwmn activity, and discriminate between
the beta and beta” phases.(Nnfe, 1996; Rog et al 1992; Fritz
et al, 1993) Kinetics of change in conductivity of Na-BASE and
K-BASE in high temperature low pressure sodium vapor show
a brief decrease in conductivity, followed by alonger period in
w hich conductivity does not change (Williams ¢t al, 1995)
There is no detectable composition change in the Na-BASE, but
the amount of the beta phase increases very dightly in the K-
BASE, athough the majority phase rema ins K beta®-alumina,

The reverse rcaction, by which alpha alumina is attacked by
sodium or potassium to form beta (and heryy dumina has been
characterized at lower temperatures (1'<700C) much more
thoroughly than the dispropor tionation reaction of beta alumina,
which is derived from thennochemical measurements. “1"he
alumina/alkali metal reaction has been addressed to the point of
a general consensus among rescarchers in the ficld (Fink,
1978; Jung etal 1983; van Reine, 1984; de With, 1985;
Anderson, 197%; Susnitzky and Carter, 1985; Criado, 1981;
van Hoek, 1992) While the dispropartionation reaction should
not proceed under conditions where the alkalimetal attack on
alpha alumina occurs, httle information on either reaction at
very low alkalimetal pressure exists.

Metal Corrosionby Na-O in Nag,,

of formation which exceeds the magnitude of the free
energy of solution of the constitucnts in each other. Then
the alloy formation is exothermic and the metal atoms
are bound more stronely thanin the pure constituents,
This is true for manvinstcrmetatlic compounds includi
Metals which react/dissolve 1 Hquid sodinm or e Tige 1id
sodium containing dissolved <o i oxide can be divided into
four groups, movingto thebetticross theperiodictable,

(1) Electroncentive lower melting metads typified by gold and
silver which dissolve in peee sedinm swhether or not sodimm
oxide is present. Other lower melting metals such as aluminum
and zinc dissolve in liquid sodiim, but have niscbility gaps
with liquid sodinm at their melting points. (Hansen, 1958)

(2) Metals such as iron and nickel which torm temary oxides
with sodium which have Pimited stability ot both high and
lower temperatire: these tenies con tantile the metal to the
cold zone where it crvstathias - releast: < sodium oxide to the
hot zone to iwxolve nore el !
problems. W have  oheved  fe
recrystallization of & nick el mesh inoxi ' conrainie sodom in
a demountable test cell expurrrent lastew about 10O hours at

Jienee are corrosion

Jraolntion and

about 11 30K. In contrast, in experiments up to 1800 hours in
length at up to 100K, and bricter, hotter experiments, ordy
surfuce alteration (which may have been deposition, and may
have been substantially affected by cleaning procedures after
the experiments) ol gtainless stecl, inconel, molybdenum, and
niobium were obscrved. it suggests that niobium and
tantatum may be in group (2), although they are much more
resistant to corrosive dissolutionthan Fe and Ni.(Foust, 1972;
DiStefano, 1989)

(3) Metals such as Mo which form very stable ternaries with
sodium and oxygen like Na;MoO 1, which can probably move to
the cold zone without precipitating metal.

(4) Metals which reduce sodium oxide in sodium to form
binary oxides and arc hence osvecngetters such as Zr and Hf.

It islikely that corrosion isanissucefor long term AMTEC
life, but high temperature corrosionmust be substantially more
important than low temperatur ¢ cotrosion which is either very
slow m insigniticant due to kinetic limitations, given the very
long periods of operation ol lower temperature alkali  metal
loops with pure alkali metals. Filling in reliable, referenced
informal ion whichaddresses all the corrosion issues in
AMTEC cells is difYicult, and the literature on corrosion of
metals by alkali metals and alkalimetals containing oxygen is
substantial, although in many places contradictory, and not
easily accessible or well reviewed Confusion has not decreased
substantially with the passage of time for metal corrosion
issties. One reference cited | ntoust suggested high nickel
solubility in sodium with little effect of oxvgen concentration; a
second cxperiment with apparentlv inore careful control o f
dissolved oxide levels showedsubstanti i oxygen dependence
of nickelsolubility buta muhitower solubility a low  oxygen
levels (Foust, 1972) The sobibititv of 171 in sodium has been
shown repeatedly  to denend sub mitially  on oxygen
concentrationin the sadium (Foust, 1972y Some recent reports
show high corrosion of mols s lium: at relatively low
temperature, wlale some o't e andl avrarently more careful
work indicates that molybd: v is ianer |, the most resistant o f
transition metals to sodium  tosion.eronwhen some sodium
oxide 15 present (DiStefano, 1'89) | refano gives a goed
overvicw of the mechanisms + + olvedrrcorrosive processes in
atkali metads, with partice' *ottentien to. Nh, Ta, Mo, and
W.(DiStefano, 1989)

The dissolution of metals o e B0rs from dissolution
from the pure metod in twe - v - 1 the alloy may very
well have a substtial pee ¢ 00 ooy ng most of the
materials known as super 7 S 1 hese, for example,
contiin aluvminm, a metal v Tote 7 v volatile in the pure
state. but is much more Gt o held oo s siperalloys. Another
examnple observed at I 1o e wnnetallic compound
formed when Mo liberater! - v wtec! o volatization at high
temperatures rencts with W «' resnlting in formation
of seprate phases, one o Lo onters to large grain

size il e Leciy cotpo 't M, and the other is
most'y Woand poretns o n size. We saw this
eflect in rehitnvel briet oot st cell experiments



where the hottest steel component was the heat shicld support at
about 600-700C and the clectiodes were at 800-900C. [t became
obvious when we analyzed electiodes from exposire test cells in
which the steel container was nearly as hot as the electrode.
Clearly, Mn docs not leave this atloy as st as it leaves steel, or
the problem would not exist.

Even when thereact ion or dissolution thenmodynamics rrre
known, kinetic limitation may reduce rates to levels far below
those expected from the thenmodynimics alone. Uphill
reactions at standard state may proceed quickly if’ areaction
product is removed, since then the prodict dots not attain its
standard state activity. This is very important for AMTEC,
where loss of volatile constituents mav drive reactions.

Accelerated Testing

Three methods will be investigated at 1. for accelerated life

testing of AM T'tCcell components. ‘These are 1) increased
temperature, 2) increased sodium Ilow rate, and 3) increased
oxygen content in the liquidsodium. These are not expected to
have similar etlects on all processes; in particular increased
temperature may give fairly limited acceleration and
acceleration rates may only be determined after substantial
testing, flow rate increases Will amplify concentration
gradients, bat may lead to crosion processes if increased too
greatly, and increased corrosion due to oxygen concentration
effects may completely alter the mechanisms of corrosion
compared with a pare sodium system.
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